A facile route for the preparation of molybdenum disulfide (MoS 2 ) and tungsten disulfide (WS 2 ), uniformly deposited onto sulfur-doped graphene (SG), is reported. The realization of the SG/MoS 2 and SG/WS 2 heterostructured hybrids was accomplished by employing microwave irradiation for the thermal decomposition of ammonium tetrathiomolybdate and tetrathiotungstate, respectively, in the presence of SG. Two different weight ratios between the SG and the inorganic species were used, namely 3:1 and 1:1, yielding SG/MoS 2 (3:1), SG/MoS 2 (1:1), SG/WS 2 (3:1) and SG/WS 2 (1:1). The SG and all newly developed hybrid materials were characterized by ATR-IR and Raman spectroscopy, TGA and HR-TEM and EELS. The electrocatalytic activity of the SG/MoS 2 and SG/WS 2 heterostructured hybrids was examined against the hydrogen evolutions reaction (HER) and found that the presence of SG not only significantly improved the catalytic activity of MoS 2 and WS 2 but also made it comparable to the one due to commercial Pt/C. Specifically, hybrids containing higher amount of SG, namely SG/MoS 2 (3:1) and SG/WS 2 (3:1), exhibited extremely low onset overpotentials of 26 and 140 mV vs RHE, respectively. The latter result highlighted the beneficial role of SG as substrate for immobilizing MoS 2 and WS 2 and stressed out its significance for achieving optimum electrocatalytic performance toward HER.
of graphene-doped materials is attributed to the electronegativity difference between carbon and the doping element, which polarizes the adjacent carbon atoms in the graphene lattice, hence, potentially facilitating HER. For example, this was true when N-doped graphene/MoS 2 nanocomposites were prepared and found to exhibit high catalytic activity for HER. 33, 34 However, beyond N-doped graphene and the aforementioned results, the electrocatalytic properties examination of other heteroatom-doped graphene as substrate for
TMDs has yet to be realized. Particularly focusing on sulfur-doped graphene (SG), with sulfur being more electron rich than carbon, an n-type doping effect in graphene, analogous to that of nitrogen doping, is provided. 35 However, contrasting other n-type dopants, the difference in electronegativity between S and C as compared to N and C is small, entailing that a different mechanism for improved electrocatalytic activity is prevalent in SG. 36 Briefly, incorporation of sulfur within the skeleton of graphene modifies the electronic structure of the material by inducing a non-uniform spin density distribution, which derives from the mismatch of the outermost orbitals of sulfur and carbon atoms, being responsible, along with the charge density, for the SG intrinsic electrocatalytic activity. 37 Considering all the above points, it is absolutely timely and surely deserves examination the development of hybrid heterostructures, incorporating sulfur-doped graphene sheets and TMDs, as electrocatalysts.
The current study goes beyond the state-of-the-art, by in-situ growing MoS 2 were used for the preparation of SG/WS 2 (3:1). The SG/MoS 2 (1:1) and SG/WS 2 (1:1) hybrids were prepared accordingly. All samples were bath sonicated for 30 minutes prior the microwave treatment. The materials were then centrifuged at 4000 rpm for 5 minutes and washed with dimethylformamide, water and methanol for several times, before characterizing and testing them as electrocatalysts.
Results and discussion
The Direct evidence for the realization of SG was obtained by vibrational spectroscopy and thermogravimetric analysis. In more detail, the ATR-IR spectrum of SG shows a broad band at 1080 cm -1 corresponding to C-S vibrations (Figure 2a ), while bands related to oxygen species owed to the starting material graphene oxide and attributed to carbonyl stretching vibrations of carboxylic acid moieties at 1720 cm -1 and to ether groups at 1220 and 1050 cm -1 were disappeared and/or significantly reduced. Furthermore, the Raman spectrum of SG was changed as compared to that due to graphene oxide. Evidently, the sp 2 related G-band was shifted to lower frequencies by 8 cm -1 , at 1593 cm -1 (Figure 2b) , as compared to that attributed to graphene oxide, indicating that incorporation of sulfur within the lattice of graphene results on n-doping for SG. 39 Moreover, the I D /I G ratio found increased for SG as compared to the one owed to graphene oxide. This is due to the increase of the defectiveness attributed to etching of graphene sheets, with the simultaneous formation of new and/or more graphene domains with continuous sp 2 hybridization, as resulted by a reduction process that also takes place along with the sulfur-doping upon treatment with the Lawesson's reagent. 38 The latter was further confirmed by thermogravimetric analysis (TGA), which revealed a 50% reduction on the mass loss observed for the thermal decomposition of SG as compared to the value registered for graphene oxide. In Figure 2c the TGA graphs of SG and graphene oxide are presented and compared. Evidently, a 10% mass loss was observed in the temperature region 230-420 °C under an inert atmosphere for SG, as opposed to the 20% for graphene oxide in the temperature range 150-260 °C. The shift to higher decomposition temperature for SG as opposed to graphene oxide is justified by considering that the Lawesson's reagent not only incorporated sulfur species within the graphene lattice but also reduced the oxygenated moieties, restoring to some extent the graphene network by forming islands with continuous sp structure. The mass loss occurred above 420 °C is attributed to the thermal decomposition of sp 3 defects created at sites nearby where sulfur doping took place. (Figure 3a) , corresponding to the in-plane E (1:1) was estimated to be 37 and 66 %, respectively. Similarly, from the TGA profiles for SG/WS 2 (3:1) and SG/WS 2 (1:1) (ESI, Figure S1b ), while taking into account the overall 16 % mass loss due to SG, the content of WS 2 in the two hybrids was estimated to be 35 and 64 %, respectively. In order to further understand the improved electrocatalytic activity of the SG/MoS 2 and SG/WS 2 hybrid materials, the electrochemically active surface area (ECSA) was calculated according to the equation ECSA = / , where l is the electrochemical double-layer capacitance and is the specific capacitance of a flat surface with 1 cm 2 of real surface area with a value assumed to be 40 µF/cm 2 for the flat electrode. 43 To this end, measuring cyclic voltamograms in a non-Faradaic region at different scan rates of 50, 100, 200, 300 400 and the Δj = (ja-jc) at 0. Finally, the long-term stability of the hybrid materials was evaluated. Durability studies as an important factor to assess the electrocatalytic activity of the materials were performed (ESI, Figure S8 ) and found that all tested materials exhibited high stability after cycled continuously for 1,000 cycles, with negligible loss of the cathodic current. In Table 1 , the various HER parameters of all screened materials, before and after 1,000 cycles, are summarized. 
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